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Abstract- Geomermal resources in the form of naturally occmng nol waler or s[eam
naw been Uwzea fcr many years. While Inese nydrolnermal resources are founa m many

places. lhe general case IS lnat lhe rock al depIn IS hot. but does not Contain Slgrhfican[

amounts of rnoblie flu-d. An extremely large amount of geothermal energy IS founcl arouncf
the woria m Ihls not ary rock (HDR).

Tecnnoiogy nas ~een uncter development for more lnan twenty years at the LOS Alamos

Nahonal LaKwatory m tne Wwed States and elsewnere to develop the tecnnoIogy m exlract
Ihe geothermal energy from HDR m a form useful for ebcmclty generation. space neahng.

or mduslnal processing. HDFi technomgy IS especially attractwe for mdustrlal applications

because of me ublqullous dwibution of Ine HDR resource and Ihe un~qur as+pecls of tne
promss developed tc r~ver 11.

In me HDR process. as dOvOIOpOdat LOS Alamos. water is pumpea down a well under h,gn
pressure to open Up natural ymts m noI rock and Creale an arhflcl 31 geothermal reservoir

Energy IS extracted DY clrculat~ng water lnrough the reservoir. pressur~zect hot water IS
returned to tne swface tnrougn the producmn well. and Us tnemal energy M ex[racted fOr

practical use. The same waler IS tnen recirculated tnrougn me system to mme more

geothermal neat ConsIru~tbn of a pIfoI HDR faohty at Fenton HIII NM. USA. has recently

been campleted by tne Los Alamos Nallonal Li3bOratOv 11Cons,sl%of a large underground

reservo:r. a sur+ace want. and the connechng wellbores.

This paper aescnbes HDR technology and tne currem Stalus of me development Drogram
Novel Wwstrlal appwatwis of geothermal clergy based on me unique chafacteristlcs of the
HDR energy extraction process are discussed

NTWDWW%N

AH commercial geolnermal energy planls oPeratlng tOday Involve the extraction of heal from
naIbrally occurring not water or steam sources While tnese hydrothermal resources occur at

scaitered mcatlom on eIl contmnts. they refmsenl OnlY a small fraction of the gf30thermal
energy Ihal exisls aI aCCWMDISI depths wdtnmIhe eartn By far Ihe largest amount of geothermal
energy is found In the form of fIOl dry rock [HDRI. wnlch M fo~na almosl everywhere at depth

For more Ihan wemy yeers. Ihe Urhled Slales @epartmenl of Energy ancf m predecessor agencies.
working through the LOS Alamos National Laboraloiy have been devOk)plng the Iecnnobgv 10 gam

access 10 and mine me thermal energy In HDR This Paw dBSCW)09If’w I+GRtecf’wmqy devewecf



at Los Alamos, comparos the process used to extract HDR energy with that employed for
conventional hydrothermal resources, and suggests potential industrial uses for HDR.

THE HDRHEATMININGCCXEPT
A concept for mining the heat within the eatlh was patented by researchers at Los Alamos in 1974
(Potter et al). It describes a system similar to that illustrated in Figure 1.

paths through the hot rock reservoir,

To construct such an HOR system, a well Is drilled to deep enough 10 reach usefully hot rock. An
artlfkial reservoir consisting of a relatively small amount of water dispersed In a large v~lume
of rock is then created In the hot rock by hydraullc fracturing whkh uses water under high
pressure to open up natural jolrds in the rock. A second well Is subsequently drilled to penetrate
the reservoir at some distance from the first.

In operation, waler Is pumped down one well, across thq reservoir under pressure, and back
to the surface through the second well. As it traverses the resewolr, It pkks up thermal energy
from the hot rock. AI Ihe surface, this energy Is extracted and applied for useful purfmes. The
mok’d water IS Ihen recirculated through the system to mine more heal.

Whan run in a closed-loGp mode as described above, an HDR faclllty has mlnlmal effects on Iho
environment. Only heat Is released to !hg atmosphere as a result of normal Weratlons and there
Is no effect on surface or ground waters, Unllke a coal-fired power plant, HDR energy Is stored
underground so the surface facll!ty need occupy only a small amount of space. Finally, no long
term residues accumulate IO present eventual disposal problems,

The rate at which the ~empelature of rock increases wllh depth, the geothermal grndk.ml, is Ihe
primary factor In determining me quallty of HDR resources. High geothermal grndlents usually
occur In regions of active volcanism or mountain growth. Figure 2 shows a geothermal gradlenl
map of the United States.
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Figur~ 2, A geothermal gradient map of the United States, High grade HDR resources
are tound in tho western part of th~ country,

It is clear that HDR is found closest to Ihe surface, and thus is most accessible, in the western
parl of the country. Japan, like the western US, has an abundance of high grade HDR resources
while in northern and western Europe HDR Is generally found al somewhat greater dcrplhs.

Economic Studies have indicated Ihal industrial heat could be produced from HLIR for about $2US
to $20US per million kilojoules, depending upon the quality of the resource, and that electricity
could be generated from high grado resources for $0.05 -O.07US per kilowatt hour (Tosler and
Herzog 1990), These studies assume that drilling technology currorrtly available and optimizod
resewoir creation techniques would be used to construct the HDR system. On the basis of the
atmve figures, practical appllc~tlons of HDR al some locations may already be within reach on an
econornw basis. As the technology matures, and new ideas which have boon conceived but not
tested ara brought to fruitlc , HDR is oxpectod to become a viablo resourco for a greater varioly
of industrial and commercial processes over an ever widening geographical area.

HDR1CCI+OLOGYDMLOPMENT ATLG AIJ$KS
Construction o! ii small HDFI heat mine wus bngun In 1!374 al Fenton Hill about 60 kilomotms
WIJSIof Los Al;]mos in Iho mounlalns of norlhorn Now Mexico. Tho gcolhormal grndiont at this

k)~illiotl IS i~bout 65’’C/km which is modorrNnly h’qh bul not oulstnndinq. Bo!weon Iho ymlrs of
1978 1980, this small heat mlrw was oporalod inlurmillontly for a total ruwing limo of rnoro
!Imn a yo[u (Da~h et al 1981), Aboul 56 1/s01 w~tor was produu?d al Iomporaluros in lhu ranqo
of 135 140”C. This oxporirnont domonslrutod lh~it i! is vssibln 10 mino !ho h~iit within thu



earth using the technology described above.

Between 1980 and 1986, a larger, deeper, and hotter heat mine was developed at Fenton Hill. A
short flow test of Ibis system was conducted in 1986.(Dash 1989). During this 30-day test,
production reached more than 12 ils of water at a temperature of nearfy 2000C. By the end of the
test, about 74% of the injected water was being returned to the surface. Se!smic analyses of
mlcroearthquakes which occurred during Ihe test indicated that, at the hlgti injection pressure
being employed (31 MPa), much of the water was being consumed In expanding the volume of the
reservoir.

The 30-day !est was run with an improvised surface facility and rented equipment. On the basis
of the encouraging test results, Ihe underground pm’tion of the system was improved to make it
more durable (Dreesen et al 1989) and a permanent surface plant was constructed (Ponden
1991). At the same time, static reservoir pressurization tests were carried out to gain a better
understanding of water consumption in HDR systems, They indicated that, when the pressure on
the system was kept below the level that would cause rese~oir growth, water consumption
decllned with time to an extremely low Ievei (Brown 1991).

In the spring of 1992, a long-term flow test (LTFT) of the larger Fenton Hlli reservoir was
begun. This test is being conducted with an injection pressure of 27 MPa, just below the level
which wouid cause reservoir expansion as indicated by microearthquake events. In addition, a
substantial backpressure is being applied to tne production wellbore since studies have indicated
that this aids in opening the joints near the reservoir outlet. (Robinson and Brown 1990).

As of iate June 1992, the test has been underway on a continuous basis for nearly three months
with the exception of a few short Interruptions due to electrical outages affecting the surface
plant, Important operating parameters as of June 25 ar~ summarized in Table 1.

Table 1

HDR System Operating Parameter as of June 25, 1992
-.

Injection Production
Pressure 27.2 MPa Pressure 9,7 MPa
Flow Rate 7.09 1/5 Fiow Rate 6.08 I/s
Temperature 20 “c Temperatum 185 “C

Nut water consumption (24 hour uverago) 10.10/.

Tho test results to date have been extremely encouraging. The sys!em has run so reliably as to be
practically rcmtlne, provldlng sulid evidence that HDR plants can be adepled to the relatively
straightforward conditions required for commercial operations. It h d!tficull to quanlify net
energy production without resorting io a number of assumptions because only thermal energy is
being produced while bolh diesel and electrlc power are used to run fhe planl, It seems clear,
howover, that the system is a nel power producor since ihe ctikulaled pumping powm is only
about 30/. of tho thermal power generated. On a COSIbasis, tor each Idlowa!t of thermal energy
produced, about $0.003US m being spent for died Iuol and electricity to run the system,



The LTFT will be continued at least through September, 1991. If adequate funding is received the
test will be operated for a year or more and a variety of methods for optimizing the operation of
the system will be investigated.

HDRWORKINOTHERCOUNTRIES
In addition to the United States, a number of other nations are investigating HDR technology
(Duchane 1990). Large HDR research and development efforts have been underway in Great
Britain and Japan for a number of years. The European Community (CEC) Is also spmsoring the
development of HDR in relatively low gradient resource areas in conjunction with organizations
in France, Germany, and recently, Great Britain. The Russians have had a longstanding interest In
HDR and began experimental work near Tirniaus in the Caucuses Mountains of southern Russia in
1989. Swed& and Switzerland have also carried out more limited work on HDR.

THEHCXlPROCESS~PAREDTO HYDFOTHERMAITEC~(XY
HDR and hydrothermal resources are fundamentally similar in that they both rely on the heal uf
the interior of the earth as the ultlmate energy source. There are some important differences
between the energy extraction techniques, however, which have important implications for
industrial applications. Hydrothermal energy production systems utilize naturally occurring hot
fluids which ate drawn from a more-or-less open nelwork of natural fractllres. In contrast, an
HDR heat mine is essentially a closed system with fluid supplied from an external source and
continually recirculated through an essentially closed system. While hydrothermal reservoirs
are a product of nature, HDR reservoirs are man-made.

Because of the above facts, It should be possible to locate HDR facilities at a much wider variety of
sites, design HDR reservoirs with greater flexlbillt y, consmmt HDR syst ~ms on a more fully-
engineered basis, and operate HDR plants wlthln tighter control Ilmlts Ihan is possible for
hydrothermal Installations. Indeed, HDR technology changes geothermal energy in general from a
resource which is geographically and technically Iimlted to one which has truly global potential
and much more versatile application possibilities. While HDR can be applied to [he s~me
industrial uses as hydrothermal energy, its development opens up a number of acfdilional potential
ifiduslrlal applications. Two of these are addressed In this paper.

POTE.NTtALINDUSTRIALAPPUCATIONSOFHDRGEOTHERMALENERGY
Peihaps the most Important unique characteristic of HDR systems from an Industdal applications
standpoint Ilas In the fact that water Is supp!led to extract the thermal energy. When operated
solrrly as an energy producer, the water Is continually recycled for ccmservatlon purposes but II
Is possible, of course, to operate the syslem In a single pass mode or with only partial recycling.
With this In mind, one obvious Induslrlal application involves Ihe purlflnalion of seawater,
certain industrial wastewuters, or treated domestic sewage by circulation through an HDR
resewoir.

Figure 3 Is a dlag:am ot how such a system might work. The waler to be treated Is used 10feed the
system. It Is sterilized and organic contaminants are destroyod when It is heated under very high
pressure In tho reservok, At the surface, It can be be flashed to c[ftam to both genoralo
elticlrlclty and complete the purlflcallon process. In this plan, an HDR faclllty could sewe the



joint purposes of waler punfcahon and energy producnon If me suppiy of feedwater were
hmded. a porfm of the PO@ced flud could M recirculawd m order 10 rnamtam a sleady Ievel of
energy producfmn wride me Dalance of me purified wa-ar ~ula De appMd for benefclal uses S-
as agrtdlure or domeshc ~nsumpion.

r <J%‘“vh

F,gure 3 An HOR p[ant aes,gned far Dam wafer pur,f,cahcn and elecmclti
ErGdUctlGn part of the pure waIer praauced may De rec@ea If necessary
10 keep VW energy prociuchon rate conslant

%Kt3 an HDR resemolr IS essenhally a CWea sysIem. IIm~nt ako De fXMSIMe to utlllze an HPH
sysiem as a nlgn temperaturemlgh pressure cnemtil ~ea~or- Cenem cnemcal products Oaqe
cnam ring compounas. for exarnpe) can De produces most effOentIy Dy re~hons m extremely
allute sohmons. Tnls ,S often not Pracllcal for reactions Inal occur al elevated Iempelawes
and.for pressures D-use of me proD+ems of conf~mng an extremely large Volume of flud wrhle
neahng and pressurizing It An HDR re%ervolr provues an deal rea~or for such appkatww
wnlc~ can w des~ned to De mnerenlq safe If efnrmnmentaI fWIors are taken fully mlo aaount

Of course. enwonmemal Conslderatons musl play an cmkal mIe m any Indusmal apdhcalions
of HDH Water pi,mhcabon processes must tm Umded to VIose wnere l~ere can Da w dnnger ef

me prodtichon or balm-up of Ioxu stbstences There are a woe varleiy of so-caIIed gray waler
WUrces where In,s Is not hkely to DS a p~lem ~lo@y. for Ine use of an HOR reWm@ aS a
chemical reactor. the Clrculatmg flwd solvent as well as all dMolved specms musl be
env,ronmerually narmlass Potenhal solvents wnlcn might well meet WCn Crderla Include

water. lqu~l cartmn @oxdo and ammcma Reactants encompass a tvtdewige of compmmas wrhcn
present no anvlronmemal threat wnen presem m relattveb small quarmues m dilulfl sobhon

At present- me primary goal of HDR research and develcpmau IS to lwave Inal emwgy can De
delberm 10 In@ surl~a from an HDa rese~olr on a rella~g ~s,s over an gxlem~ [lmg ~r~
Tna generanon Of electricity al compemlve costs M foremosI m Ihe mh’wfof Ihoso mteres!md m lhe
apphcahon of I-iDR tecnrwbgy AS Ihm goal is ~hiav~ and Ihu d8v@Op#Wnl Ot HDR resemolrs



bewmesmore routine, other industrial uses such asthose described above will undoubtedly be
devebped.

SUMMARY
HDR geothermal erwrgy is much more abundant and widespread than conventional hydrothermal
energy resources. For over twenty years, wcrk has been underway at Los Alamos National
Labor[to~ in the United States as well as in many other parts of the world to develop the
tectmologyto mine thethermal energy from HDR. A long-term test to demonstrate that HDR heat
mines can dellver energy reliably and on a sustained basis is currently underway at Fenton Hill,
NM.

HDR heat mines can be used to supply energy for the same types of industrial applications as
hydrothermal resources, but additional uses can also be developed due to :he unique nature of the
HDR process, Water purification and novel chemical syntheses are but two of the potential
industrial applkatlons for which HDR may be applied. The i~litial application of HDR technology
will most likely invofve the generation of electric ~wer, but as HDR technobgy becomes more
established, numerous industrial use will be found for this ubiquitous energy source. Water
purification and specialized chemical syntheses in HDR systems are but two promising industrial
applications.
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